We present collider tests of the recent proposal for weak-scale quantum gravity due to new large compact space dimensions in which only the graviton (G) propagates. We show that the existing high precision LEP-I Z-pole data can impose non-trivial constraints on the scale of the new dimensions, via the decay mode Z → ff + G (f = q, ℓ). These bounds are comparable to those obtained at high energy colliders and provide the first sensitive probe of the scalar graviton. We also study W (Z)+G production and the anomalous W W (ZZ) signal from virtual G-states at the Fermilab Tevatron, and compare them with the LEP-I bound and those from LEP-II and future linear colliders. PACS number(s): 04.50.+h, 11.25.Mj, The smallness of the Newton constant, G N ≃ 1/(1.2 × 10 19 GeV) 2 , suggests that the characteristic scale for the gravitational interaction is the Planck scale M P = 1/ √ G N . This traditional wisdom holds, however, only if gravitons (G) effectively propagate in the usual 4-dimensional space-time all the way to Planck scale, where string theory provides the ultraviolet-finite unification of gravity with other three gauge forces of the Standard Model (SM). In D = 4 + n dimensions, it is possible to introduce a new Planck scale M ⋆ and compact n-dimensional volume R n related to the usual 4-dimensional Planck scale by Gauss' law [1] as
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The new gravitational scale M ⋆ can be as low as the weak scale, e.g., M ⋆ ∼ 1 TeV for R ∼ 1 mm and n = 2. This provides an intriguing way to resolve or reinterpret the hierarchy problem and opens an exciting opportunity for testing quantum gravity in the TeV regime. As recently pointed out in the literature [1] , such millimeter-range space dimensions are not in contradiction with any existing macroscopic measurement of the gravitational force. Allowing only the graviton, but not SM fields, to propagate into the extra dimensions is theoretically natural [2] . It is found that, irrespective of the detailed underlying dynamics at high scales (which is currently neither unique nor predictive), the 4-dimensional effective theory below the new Planck scale M ⋆ is essentially the SM plus additional interactions of its fields with a tower of massive Kaluza-Klein (KK) excitations of the graviton coupled to the energy-momentum tensor [1, [3] [4] [5] . These KK modes, with masses m ℓ = |ℓ|/R, have tiny mass-separations δm ℓ ∼ 1/R (which is ∼ 2 × 10 −4 eV for R ∼ 1 mm). This means a summation over all possible KK states is necessary for computing physical processes. Practically, this summation may be replaced by a continuous integral over the KK states with a proper density function. The crucial feature is that the effective gravitational interaction strength after KK-summation is 1/M ⋆ (instead of 1/M P ) so that it is testable for M ⋆ = O(TeV) [1] - [7] 1 . In this paper, we first analyze a direct probe of both spin-0 and spin-2 KK excitations via the decay Z → ff + G (f = q, ℓ) and derive non-trivial bounds on the scale M ⋆ (and R) from the existing high precision Z-pole data at CERN LEP-I [8] . We then study W (Z) + G production and the anomalous W W (ZZ) signal at the Fermilab Tevatron. These results are compared with the LEP-I bound and those from e + e − → Z +G at LEP-II and future Linear Colliders (LCs). The unique role of LEP-I for probing the scalar KK modes via ZZG coupling and the importance of the Tevatron for testing n ≥ 3 are stressed.
Z → ff + G and High Precision LEP-I Z-Pole data Thus far, most analyses of the direct or indirect tests for the existence of G focus on production processes such as ff → γ + G, jet + G and ff → (G * ) → ff , γγ, etc [4] - [6] . In these processes, only the spin-2 graviton G 2 is relevant since the scalar graviton G 0 coupling to matter fields is proportional to their masses and is thus vanishing for massless gauge bosons (such as the photon or gluon) or negligible for light fermions. As shown below, the scalar KK modes of graviton are best probed using the Z-decay into ff + G at LEP-I.
2 Studying this process probes a different aspect of the dynamics of weak scale quantum gravity.
In the effective 4-dimensional theory below the scale 1 In the following, unless specified otherwise, the symbol G always denotes the graviton plus its KK modes and the summation over KK is implied. For the spin-0 case, G0 denotes the scalar KK tower.
2 Other possible high energy processes, such as ff → W (Z)+ G and V V → V V, tt (V = W, Z) at hadron/lepton colliders, and e + e − → W W Z, ZZZ at LCs, may also probe G0. But the contribution of G0 is suppressed relative to that of G2 at high energies, as to be addressed later in the text.
M ⋆ , the graviton plus KK modes universally couple to SM fields via the energy-momentum tensor and its trace [3] [4] [5] , and the effective Lagrangian is
where κ = √ 32πG N and ω = 1/ 3(n + 2)/2 [5] . (We have used the same conventions for M ⋆ and R as in Ref. [4] .) The relevant T µν tensors for Z-fermion interactions are
where D µ denotes the SM gauge covariant derivative and
For the scalar graviton G 0 , there is only one diagram with Z → Z * + G followed by Z * → ff . In the case of a spin-2 graviton G 2 , there are additional graphs with Z → ff and G 2 emitted from either the f orf , as well as a contact graph containing the Z-f -f-G 2 vertex. The decay amplitudes are
where
, with I 3i denoting the third component of weak isospin for the ith fermion f i and Q i its electric charge. The partial decay width is given by
where dN = ρ(m)dm 2 with ρ(m) denoting the KK states density function ρ(m) = π n/2 R n m n−2 /Γ( n 2 ) [3] [4] [5] . |A Gi | 2 is the squared, spin-averaged amplitude with ff final states summed for leptons and light quarks In the case of G 0 , we find
The dN integration forces the integrand to vanish as s → M 2 Z . The integral Eq. (7) can be evaluated numerically and the results cast into the following form
where M ⋆ is in TeV and Γ 0 is the SM decay width of Z →ff . I ni is an integral depending on n and the spin of G i . In the case of G 0 , we have
with A = (1 − x − y) 2 − 4xy. Eq. (9) shows that, for n = 2, the ff + G 0 channel contributes about 1/3 of the new partial decay width while ff +G 2 channel about 2/3. This provides the first effective test of the coupling of the scalar graviton G 0 . For n = (2, 3, 4), we find
which decreases rapidly for n ≥ 3. This is due to the power suppression of the (M Z /M ⋆ ) n+2 factor in Eq. (9) and can only be improved by going to energies above the Z pole, as discussed below.
On the other hand, the high precision LEP-I experiments have accumulated a sample of about 2.3 × 10 7 on-shell Z boson decays via theand ℓ − ℓ + channels [8, 9] . The SM background for our study is the rare decay channel Z → ff +νν. In fact, ALEPH performed a partial analysis for an integrated luminosity L = 79 pb −1 data sample and found no events above the SM prediction [8] . To estimate how the whole LEP-I data sample can constrain the graviton signal, we calculate the SM partial decay width of Z → ff +νν (f = q, ℓ) and derive its decay branching ratio as
We expect about (2.3 × 10 7 ) × (2.0 × 10 −7 ) ≃ 4.6 background events from the SM. Assuming only 5 events show up in ff +missing channel from the whole LEP-I data sample, we deduce, according to Poisson statistics [10] , there are about 6 signal events allowed at 95%C.L. in the ff + G channel. The 95%C.L. LEP-I bounds on M ⋆ can be obtained from
yielding, for n = 2, 3, 4,
where the SM branching ratio BR[Z → ff ] ≃ 0.8 (for f = q, ℓ) is used. From Eq. (1), the above bound implies R ≤ 0.77 mm at 95%C.L. We further note that the SM ff + νν events have a very different topology from the ff + G signal, as shown in Fig. 1 for the energy distribution dN/d(E f + Ef ) with 5 background events and 6 signal events. Using these distinct signal/background distributions, one can further improve the bound and possibly push M ⋆ above 1 TeV, if a signal is not found. We see that the existing LEP-I high precision Z-pole data can already put non-trivial direct constraint on M ⋆ (or R) that is comparable to other bounds obtained for various high energy colliders [3] - [7] . Based on these encouraging results, we conclude that it is important to extend the existing ALEPH analysis [8] to the total LEP-I Zpole data sample for this channel. This should provide a sensitive direct probe of M ⋆ . The above analysis can be extended to the case of onshell Z +G production at LEP-II. However, as shown in Ref. [12] , for G = G 2 and n = 2, the current data can only set a 95%C.L. bound on for this mode (in analogy to the ZH search mode with invisible Higgs decay) of M ⋆ ≥ 364 GeV, where M ⋆ has been converted into the same definition as Ref. [4] and ours. It is found that to obtain a bound on M ⋆ of order > ∼ 1 TeV, using the Z +G channel, a machine with higher energy and luminosity is needed, which is only feasible at future LCs with √ s ≥ 500 GeV and L ≥ 50 fb −1 [12] . Our analysis of Z + G production at LEP-II and LCs confirms this conclusion.
FIG. 1. Energy distribution dN/d(E

W (Z) + G and W W (ZZ) Production at Tevatron
As pointed out above, to extend our LEP-I study and especially to probe M ⋆ for the number of new dimensions larger than 2, it is desirable to go significantly beyond the Z-pole energy. Before the operation of the Large Hadron Collider (LHC), the upgraded Tevatron will have the highest collider energy and luminosity available to probe M ⋆ in the processes pp → W (Z) + G and pp →
The partonic amplitude and cross section of→ Z + G can be obtained from our Zdecay result by crossing and the extension to′ → W+G can also be derived.
For high energy collider production with V 's (V = W, Z), such as V G or V V , the naive expectation is that the longitudinal polarization V L may help to enhance the cross section due to the leading energy-dependence of the longitudinal polarization vector ǫ
This however turns out not to be the case for gravitational G-coupling to the SM fields via the energy-momentum tensor T µν since the conservation of T µν requires k µ T µν = 0. Consequently, the longitudinal contribution is suppressed at high energies because
As a result, when probing the gravity scale M ⋆ , only the V T -polarizations dominate at high energies. Nevertheless, the momentumdependent non-renormalizable coupling of G 2 still leads to direct production cross sections with a large energyenhancement factor, behaving as ∼ (
. Hence, a large energy is crucial for compensating the 1/M ⋆ power suppression (especially for larger n). The coupling of G 0 to V is proportional to M V so that its contribution is not enhanced when M V / √ s ≪ 1. We first consider the direct production of W (Z) + G at the Tevatron ( √ s = 1.8 TeV and L = 100 pb −1 ) and its upgrade ( √ s = 2 TeV and L = 2 fb −1 ). The dominant SM backgrounds are′ → W (Z) + νν, in which νν mainly comes from Z-decay. Since the SM rates of W W/ZZ/W Z-pairs are not large at the Tevatron, these backgrounds are not serious. We consider only the leptonic decay modes of W (Z). To effectively suppress the fake backgrounds from misidentification of jets, we require that the W (Z) bosons have transverse momentum P T ≥ 25 GeV and rapidity |y| ≤ 2. With these cuts, we find the SM W (Z) + νν background cross sections, without including the branching ratios, to be about 0.35(0.32) and 0.51(0.38) pb at the 1. 
For comparison, we have also studied e + e − → Z + G at the LC (0.5 TeV, L= 50fb −1 ) and LC (1 TeV, L= 200fb −1 ) with the angular cut | cos θZ| ≤ 0.8 and invariant mass cut MG = (s − 2EZ [12] . (Our numerical results for the Z + G cross sections at the LCs agree with Ref. [12] after taking into account the difference in conventions.) To derive the LC bounds, we include both the hadronic and leptonic (ee, µµ) decay modes of Z, and assume an identification probability of 74% for Z via dijet mass reconstruction [11] as well as a 2% systematic error for the cross section measurement [8] . The SM Z + νν cross section is found to be 203 fb and 512 fb for the LC(0.5 TeV) and LC(1.0 TeV). The 95%C.L. bounds on M ⋆ (in TeV) for n = (2, 4, 6) are
With a 90% right-hand polarized electron beam, the SM background rate is reduced by a factor of 10 due to the suppression of the W -W fusion contribution, while the graviton signal is reduced by only about 20%. This leads to new 95%C.L. bounds on M ⋆ (in TeV) for n = (2, 4, 6) of for n ≥ 3 [5] , and the effect tends to decrease the SM rate. In this study, we only consider local operator effects and take the logarithm in the n = 2 case to be 1 [3, 6] . To derive bounds on M ⋆ via W W/ZZ production at the Tevatron, we consider both the lepton plus jet and the di-lepton modes of W W pairs as well as the pure leptonic decay modes of ZZ pairs. Cuts of P T ≥ 20 GeV and |y| ≤ 2 are imposed on each W (Z). With these cuts, the SM cross sections for W W (ZZ) production are about 7.1(0.88)pb and 8.1(1.0)pb at 1. 
For W W -production at the 2 TeV Tevatron, the assumed systematic error dominates the statistical error, so that studying the di-lepton modes of W W pairs alone gives about the same bounds on M ⋆ . These bounds can be compared with those from e + e − → W W (ZZ) at LEP-II (0.2TeV, L = 2fb −1 ) and LCs. With the acceptance cuts | cos θ V | ≤ 0.9 for V = W or Z, the SM cross sections of W W (ZZ) pair production at LEP-II(0.2), LC(0.5) and LC(1.0) are about 16(1.2), 2.5(0.19) and 0.59(0.043) pb. Again, the effect of G * 2 contribution is to decrease the SM rate. Our cross section results agree with those of Ref. [7] , although our bounds differ owing to the choice of luminosities and our inclusion of systematic errors, which dominate the statistical errors for W W -production. Here, the 95%C.L. In conclusion, collider tests of weak-scale quantum gravity using weak gauge bosons can provide important bounds on the scale parameter M ⋆ . We showed that LEP-I data can already impose useful constraints on M ⋆ which are comparable to those obtained from higher energy collider studies. Searches at the upgraded Tevatron and future LCs using single/double W (Z)-production can further push the bounds above 1 TeV, if a signal is not found. Such searches also allow us to probe new dimensions with n ≥ 3, which is difficult at LEP-I.
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